T he recent development of 3D printers has facilitated the creation of models of anatomical structures. This new technology has spurred innovation in several surgical specialties, with isolated reports of using 3D models in orthopedics, urology, and thoracic and plastic surgery. 2, 3, 6, 8, 10, 11 These experiences have highlighted the potential of employing 3D printing in clinical practice as an adjunct for improved understanding of anatomy, for patient communication, and for teaching trainees. To date, there have not been any reports of using this technique in the context of pediatric cerebrovascular disease. Given the uniquely complex anatomy of lesions such as brain arteriovenous malformations (AVMs) and vein of Galen malformations (VOGMs), we describe our initial experience with printing patient-specific 3D models of these conditions with the novel approach of printing "in situ" lesions. OBJect Despite the availability of multiplanar imaging, understanding relational 3D anatomy for complex cerebrovascular lesions can be difficult. A 3D printed model allows for instantaneous visualization of lesional anatomy from all perspectives, with the added ability to simulate operative approaches with tactile feedback. The authors report their experience with customized 3D printed models of pediatric cerebrovascular lesions as an educational and clinical tool for patients, trainees, and physicians. methOdS Via an "in-house" 3D print service, magnetic resonance imaging (MRI) and computerized tomography (CT) studies of pediatric patients with arteriovenous malformations (AVMs) were processed with specialized software, and regions of interest were selected by the surgical/endovascular team. Multiple models for each patient were then printed on a 3D printer, with each construct designed to illustrate different aspects of the specific lesion. Intraoperative validation of model fidelity was performed using perioperative imaging, surgical filming, and post hoc analysis of models with intraoperative photography. reSultS Four cases involving pediatric patients (ages 0-16 years) were studied for initial proof of principle. Three of the patients had AVMs and one had a vein of Galen malformation (VOGM). The VOGM was embolized successfully and the AVMs were resected without complication. In the AVM cases, intraprocedural imaging and photography were performed and verified millimeter-level fidelity of the models (n = 5, 98% concordance, range 94%-100% with average of < 2 mm variation in the largest AVM [6-cm diameter]). The use of 3D models was associated with a 30-minute reduction in operative time (12%) in 2 cases when they were compared with matched controls as a feasibility study. cONcluSiONS Patient-specific 3D printed models of pediatric cerebrovascular conditions can be constructed with high fidelity. This proof-of-principle series demonstrates, for the first time, confirmation of model accuracy using intraprocedural assessment and potential benefit through shortened operative time.
OBJect Despite the availability of multiplanar imaging, understanding relational 3D anatomy for complex cerebrovascular lesions can be difficult. A 3D printed model allows for instantaneous visualization of lesional anatomy from all perspectives, with the added ability to simulate operative approaches with tactile feedback. The authors report their experience with customized 3D printed models of pediatric cerebrovascular lesions as an educational and clinical tool for patients, trainees, and physicians. methOdS Via an "in-house" 3D print service, magnetic resonance imaging (MRI) and computerized tomography (CT) studies of pediatric patients with arteriovenous malformations (AVMs) were processed with specialized software, and regions of interest were selected by the surgical/endovascular team. Multiple models for each patient were then printed on a 3D printer, with each construct designed to illustrate different aspects of the specific lesion. Intraoperative validation of model fidelity was performed using perioperative imaging, surgical filming, and post hoc analysis of models with intraoperative photography. reSultS Four cases involving pediatric patients (ages 0-16 years) were studied for initial proof of principle. Three of the patients had AVMs and one had a vein of Galen malformation (VOGM). The VOGM was embolized successfully and the AVMs were resected without complication. In the AVM cases, intraprocedural imaging and photography were performed and verified millimeter-level fidelity of the models (n = 5, 98% concordance, range 94%-100% with average of < 2 mm variation in the largest AVM [6-cm diameter]). The use of 3D models was associated with a 30-minute reduction in operative time (12%) in 2 cases when they were compared with matched controls as a feasibility study. cONcluSiONS Patient-specific 3D printed models of pediatric cerebrovascular conditions can be constructed with high fidelity. This proof-of-principle series demonstrates, for the first time, confirmation of model accuracy using intraprocedural assessment and potential benefit through shortened operative time.
http://thejns.org/doi/abs/10.3171/2015.3.PEDS14677 KeY wOrdS 3D printing; model; surgery; simulation; pediatric; cerebrovascular; arteriovenous malformation; vein of Galen malformation; technique While this is a proof-of-principle study, it provides feasibility data, demonstrating, for the first time, intraoperative validation of model fidelity and evidence that simulation with 3D models may have the potential to reduce operative time.
methods
This study was approved by the institutional review board of Boston Children's Hospital.
Four intracranial vascular malformations (3 AVMs and 1 VOGM) were identified as candidates for 3D printing. Selection for printing was based solely on sequential cases in a clinical series due to a planned proof-of-principle collaboration with the Boston Children's Hospital Simulator Program (SIMPeds). The SIMPeds 3D Print Team includes expertise in simulation, mechanical/industrial engineering, radiology, and 3D image processing. Models were constructed based on MRI using selected MR arteriography and post-contrast volumetric sequences. Regions of interest were identified by the treating clinicians and reviewed with the SIMPeds neuroradiologist. The initial segmentation was reviewed and refined to ensure that the pathological vasculature was segmented, and after final review to ensure accuracy of the segmentation, the pathological vasculature was printed along with feeding and draining vessels (Fig. 1) . In surgical cases, surrounding brain and all tissue within the planned operative field were also printed. Of note, surgical cases had multiple prints performed, including constructs solely of skeletonized vessels and other constructs including surrounding normal tissues (brain, ventricle, etc.), to visualize both the isolated lesion and the lesion in situ mimicking the surgical approach (Fig. 2) . The 3D printing process technique involves image analysis and segmentation strategies, followed by processing to preprint software in the form of a standard STL file format. Subsequently, additive manufacturing is employed via a Connex 500 (Stratasys) poly-jet printer producing prints, including up to 2 resins simultaneously, at a detail of 16 microns.
For the open surgical cases, sizing fidelity was assessed by comparing intraoperative photographs with model photographs taken from the same angle of approach (Figs. 3 and 4 and Video 1). Measurements of anatomical structures were made intraoperatively and compared with the same structures on 3D models (Fig. 5) . From the collection of all 3 surgical models, a total of 5 structures were assessed, selected based on 2 factors: visibility in the surgical field (as not all lesional tissue was exposed in each case), and size of 2 mm or greater (to allow the use of a ruler with millimeter increments and also to corroborate with the use of a known 2-mm suction device as a reproducible photographic standard within visualized fields). Each measurement was repeated in triplicate and used to validate the accuracy of the model in comparison with actual surgical anatomy.
results model Fidelity
Assessment of 5 areas in 3 surgical models demonstrated high fidelity between 3D models and actual operative anatomy, with < 10% deviation. Measurements on the model and in the operative field were each taken in triplicate and compared for deviation. Overall, there was 98% agreement (n = 5, range 94%-100%) in measurements in vessel size, distance from AVM to ventricle, and distance from outer edge of nidus to feeding artery. A summary of these results is provided in Table 1 , and a representative operative photograph is shown in Fig. 5 .
clinical results
Successful embolization of the VOGM was accomplished without complication. Visual comparison of the right and left anterior cerebral arterial segments supplying the lesion suggested the more favorable avenue of approach for microcatheter navigation, based on vessel angulation. This assessment would have been extremely difficult to derive from 2D image displays, and the predicted ease of navigation was borne out during the embolization. Resection was accomplished in all 3 cases, with total angiographic obliteration confirmed by perioperative angiography (Fig. 6) . No patient required transfusion and the only postoperative deficits included an expected transient hemiparesis and sensory loss in the large right parietal lesion, both of which had nearly completely resolved at 1 week postoperatively (independent ambulation, 4+/5 strength at hospital discharge), with continued improvement. Operative time comparison was not available for the right parietal lesion, but using 2 cases of occipital AVMs with the same Spetzler-Martin grade, same location, and same patient age, both treated within 1 calendar year of the 3D model cases by the same surgeon as matched controls, the total surgical time (from initial incision to closure) was 12% faster in the 2 cases that used 3D models (on average, ~ 30 minutes faster with 3D models; nonmodel cases 285 and 288 minutes, 3D model cases 254 and 257 minutes).
discussion
Treatment of complex neurovascular lesions such as AVMs and VOGMs requires careful application of meticulous surgical and/or endovascular technique. In par- ticular, risk is especially elevated in children, who have smaller blood volumes, complicated anesthetic requirements, and more difficult surgical and endovascular access as compared with adults. In other fields of medicine and surgery, the use of simulation has proven to be a useful tool to reduce therapeutic risk in complex medical conditions. 1, 4, 7, 8, 10 In this proof-of-principle series, we report our initial experience with the novel application of 3D printing as a simulation tool translated directly to the operating room to improve the treatment of children with neurovascular disease.
The ability to employ multiple resins of varying consistency and color, coupled with submillimeter accuracy and production times measured in hours rather than weeks, has radically improved the verisimilitude of anatomical models that can potentially be delivered to clinicians overnight. 5, 8, 9 This "on-demand" printing is, to our knowledge, a novel technique employed at our institution. Here we demonstrate that we can use standard clinical studies-MRI sequences taken as part of routine practice-and use these same images to produce high-fidelity 3D models tailor-made for each child. The only caveat is that the MRI sequences should include high-resolution 3D sequences that will allow for segmentation of brain parenchyma.
For delineation of arterial and venous anatomy, MR angiography and post-contrast T1-weighted volumetric sequences were used. Model production times do not include obtaining the pretreatment scan, but usually require 2-6 hours of imaging review and selection of model segmentation, followed by 6-12 hours of actual printing and drying time (with variation dependent on the size of the model and the type of resins selected). Each scan can produce varying types of models for a given child: skeletonized vessels alone, a lesion in situ with a simulacrum of normal brain, or a colored lesion printed within transparent brain parenchyma. If desired, the lesion can be printed in an enlarged model, making details more obvious and easier to visualize in relation to other structures.
While readily acknowledging that the data presented here are limited due to the very small number of models, there is essential value in the provision of an illustrative, proof-of-principle result: the first study of 3D printing specific to pediatric AVM and VOGM treatment. We have demonstrated 3 important findings with this work. First, pediatric neurovascular lesions are printable in less than 24 hours using standard clinical imaging studies. Second, we have shown, for the first time to the best of our knowledge, direct correlation between 3D models and surgical anatomy with an objective, reproducible, high degree of fidelity (98%). Finally, using closely matched controls, we can offer preliminary information that use of 3D printed models may potentially reduce operative time (~ 12% per case in 2 matched pairs of operations). This is only a feasibility study, given the small number of cases, but the findings suggest that further study into costs and benefits for institutions beyond improving training and surgical outcomes may be warranted with a larger cohort of patients.
In addition to our data showing manufacturing capability, realistic simulation of clinical anatomy, and potential improvements in therapeutic efficacy, we would remark that there was universal support for the use of 3D models as teaching tools by our group. Although the support is anecdotal in nature, both physicians and patients reported that handling the models led to greater understanding of the pathology and the implications of treatment. Independent of the objective evaluation of model fidelity and effects on treatment outcomes, these remarks suggest that additional study to better quantify the benefit of 3D models as teaching tools for students and family treatment discussions may be warranted.
conclusions
With the appropriate team and expertise in place, printing 3D models of pediatric intracranial AVMs and VOGMs can be accomplished in less than 24 hours, using routine clinical MRI studies and recapitulating surgical and endovascular anatomy with extremely high fidelity; these prints may have direct benefit effects on the total perioperative pathway. Preliminary experience suggests that further study of 3D printing for cerebrovascular disease is warranted to explore its potential to improve therapeutic outcomes, reduce procedural times, and provide a novel method of physician and patient education.
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